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Local Scour at Bridge Abutments
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ABSTRACT. This paper presents the results of an experimental investigation of
local scour at bridge abutment models of three common shapes placed in labo-
ratory flume with uniform sand with dg, = 0.775 mm. The maximum scour
depths and extent of scour were determined corresponding to clear water con-
ditions. For design purposes, a general nondimensional equation for clear
water scour prediction is proposed. The equation addresses all the important
variables in terms of shape and size of abutment, sediment and flow character-
istics. The equation was verified with the present experimental data as well as
with the data obtained by previous investigators under comparable conditions.

1. Introduction

Knowledge about local scour at bridge abutments and piers is important. The bridge
abutments and piers being in a water way offers resistance to the tflow and reduces the
flow area causing scours of the alluvial bed material due to the combined effect of flow
and the structure. Local scour is caused by local contraction of tlow due to abutment
geometry resulting in the separation of the boundary layer along with horse-shoe like
vortex, which is referred to as principal vortex system. The principal vortex, the reat-
tachment of flow. the formation of eddies along with turbulence are mainly responsible
for local scour at upstream corner of abutment. At downstream corner, the formation of
wake vortices acts like a vacuum cleaner by sucking sediments into their low pressure
cores and then deposited downstream by the eddies!!-3). The depth and extent of such
scour for which the abutment foundation must be designed, depend upon many factors
such as approach flow condition, abutment geometry (shape and size), spacing between
abutments or abutment and piers and bed material characteristics!*1. Although the
interaction of all the variables is complex to develop a workable critenia for the under-
standing of local scour, all the concerned variables need to be identified and the impor-
tant ones to be considered.
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Extensive works have been done in the past and many design formulas were pro-
posed to evaluate the local scour around bridge piers but only a few for the abutments.
Many of the earlier formulas did not differentiate between the clear water and the live
bed scourl®l. The clear water scour occurs when the bed material is not moved, while
the live bed scour occurs with the bed load transport. Some systematic studies have
focussed mainly on the live bed scour at abutments, while very few have carried out
detailed studies concerning the clear water scour at abutment. Not a single workable
analytical equation for predicting clear water scour at abutment is currently available.
Consequently, an experimental investigation was undertaken to determine the clear
water scour for three common shapes of abutment models placed in a rectangular flume
with uniform sand bed. This study attempts to develop a general nondimensional equa-
tion to predict the clear water scour at abutments incorporating all the important vari-
ables in terms of sediment, size and shape of abutment and flow properties. The equa-
tion has been verified with the date obtained by other investigators as well as data
developed in the current study.

2. Review of Previous Works

The earlier attempts at estimating the local scour depth at bridge crossings used the
regime equation. The scour depth was computed by multiplying the regime depth with
a coefficient depending on the geometry of obstruction. Examples of this approach
includes the works of Inglis(”l, Ahmad!!], Izzard and Bradley!®], Raudkivi and Suther-
1and[®!. The regime analysis method is largely based on mean flow velocity that
depends very much on the choice of the investigators and is very difficult to evaluate
for natural stream. Some other works on local scour and the ranges of experimental
works were reported by Wong(3! and Melville!!%. To mention a few, Garde et al.[?],
Laursen and Toch!4], Laursen!!!], Liu et al.1), Gilll!2], Zaghloul and McCorquodalel!3],
Cunhal!¥l, Simons and Senturk!!5], Field and Hinchey!'®), Wongl3], Zaghloul(!7],
Rajaratnam and Nawachukwul'8], Jones!!9), Tey(20], Kandasamy!2!l, Kwan[22:23]
Kandasamy(24], Froehlich!25] and Melville(!9, presented formulas and enveloping
curves on clear water as well as live bed scour around flat plate, spur dike and rectangu-
lar abutments. However, the clear water scour at abutments was considered by only a
few authors using wing wall, spill through or flat plate models®-!) and the informations
related to those studies were qualitative in nature. Most of the investigators considered
only two or three variables as significant factors affecting the scouring process. This
study attempts a detailed analysis of the local clear scour at bridge abutments of three
common shapes.

3. Experimental Arrangements

The experiments were conducted in a 15 m long, 1.37 m wide and 0.62 m deep glass
sided rectangular flume (Fig. 1). The water in the flume is recirculated by a propeller
pump driven by an AC motor of 29.5 hp taking its supply from basement sump. The
maximum capacity of the pump is 190 liter/sec. The tail water depth in the flume is
controlled manually by an adjustable gate located at the outlet end. The test section,
located 2.5 m upstream of the tail gate, consists of a sand bed of 0.275 m height. Each
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model abutment is attached to one side of the flume wall in the middle of the test sec-
tion. The sediment size varied between 0.1 mm to 2 mm with a dy; equals to 0.775 mm.
The degree of uniformity has been defined by the value of its geometric standard devia-
tion, 0, (0, = dg,/dsg) of 1.29 mm, which is considered to be uniform(®],
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FiG. 1. Arrangement of the experimental set-up (not to scale).

The variation of scour depth with time for one typical model initially was made at
certain intervals for a total duration of 12 hours in order to estimate the suitable time of
each run so that maximum scour depth is achieved. Thus the duration of each experi-
mental run was limited to about six hours, which was considered sufficient for the
prototype applications[226). Beyond six hours the rate of increase of scour depth was
almost insignificant. Measurements of scour depths and water level were taken at about
50 points using point gauges. The critical shear velocity, u: for the ds, size sediment
was calculated using Shield’s diagram. The corresponding critical mean velocity, U,
was computed from the following equation(®l,

U() y
+—=5.75log ——+6 (1)
U, 2ds,
where, y, is the mean approach flow depth, which was kept constant at 0.22 m for all
the experimental runs. This depth resulted in an average flow velocity of 0.199 m/sec
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(Q =60 liter/sec.) with bed shear stress 7, =0.124 N/m? (bed surface slope, s, = 0.0000697),
which is less than the critical shear stress, 7, = 0.428 N/m?2. This assured clear water
scour. After each experimental run, sand samples were collected at the maximum
scoured holes and deposition zones by pouring melted wax on the sand surface. The
grain size distribution of the samples was then determined by sieve analysis.

Three common shapes of abutment model, e.g., rectangular, trapezoidal and circular
edge with inclined (1:1) wing wall were tested (Fig. 2). The width of the flume in this
study was wide enough to neglect the boundary effect of the flume wall on the flow. As
shown in Table 1, the projected lengths of each type of abutment were varied systemat-
ically for comparison and the results were also compared with the data of other investi-
gators as applicable.

Table 2 shows the results of all experiments of this study as well as the works of
other investigators for comparison.

TABLE 1. Details of abutment models.

Model shape Encroachment Channel Contraction
width of width B ratio,
model b (cm) a =(B-b)/B

(cm)
(0 (2) 3) ()]
R, T, CE, 40 137 0.708
R, T,, CE, 60 137 0.562
Ry T3, CE, 80 137 0.416

TABLE 2. Scope of experiments.

Test | S.no| Expt| Mode | ,° b B Q Y, dy, o D, |Non-dim.
series no. 1 (min) | (cm) | (ecm) | (m3/s) | (cm) (mm) (cm)] scour
shape depth
DJy,
(n ) 3) “4) (5) (6) 7 ®) ) 10 | an | a2y a3
14 1 1 R, 360 | 40 137 0.06 | 22 0.775]1 0.708 | 9.9 0.45
2 2 R, 360 | 60 137 0.06 | 22 0.775] 0.562 | 17.5 0.795
3 3 Ry 360 | 80 137 0.06 |22 0.775] 0.416 | 27.5 1.25
4 1 T, 360 | 40 137 0.06 | 22 07751 0.708 | 7.9 0.359
5 2 T, 360 | 60 137 0.06 | 22 0.775]1 0.562 | 14.5 0.659
6 3 T 360 | 80 137 006 | 22 0.775] 0416 | 22.2 1.0 °
7 | CE, 360 | 40 137 0.06 | 22 0.775] 0.708 | 45 0.205
8 2 CE, 360 | 60 137 0.06 | 22 0.775] 0.562 | 8.2 0.372
9 3 CE, 360 | 80 137 006 | 22 0.775] 0.416 | 12.5 0.568
Run '
2b 10 64 T, 300 | 38.1 1219 ] 0.034 | 12.19 ] 0.65 | 0.687 | 11.27} 0.92
11 65 T, 300 | 3048 | 1219 0.034 | 12.19 | 0.65 | 0.75 8.53] 0.70
12 66 T, 300 | 57.0 1219 ] 0.034 | 12.19 | 0.65 ] 0.533 | 16.7 1.36
13 67 CE 300 | 41.75 ) 1219 | 0.034 ] 12.19 | 0.65 | 0.656 | 6.7 0.55
14 68 CE 300 | 41.75] 1219 )] 0.034 ] 12.19 | 0.65 | 0.656 | 6.4 0.525
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TasLL 2. Contd.

Test | S.no| Exptf Mode | +° b B Q ¥, dg, o D, |Non-dim.

series no. | (min) | (ecm) | (em) |mi/s) | (cm) (mm) (cm)| scour
shape depth

Dy,

Q)] ) ) (4) (5) (6) (@) (8) )] (10) an 1 a2 (13)
15 69 CE 300 | 57.0 1219 | 0.034 | 12.19 | 0.65 J 0.533 | 11.88] 0.975

16 70 CE 300 f 57.0 1219 | 0.034 | 12,19 | 0.65 § 0.533 | 12.80] 1.0

3¢ 17 | T >360 | 5896 1520 <029 125 ]0.62 J0.612]17.1 1.36
18 2 CE >360 | 4500 | 1520} <0.29] 125 0.62 | 0.643110.8 0.86

19 3 T >360 | 60.60 | 1520 <029 125 10.62 | 0.60 }20.0 1.60

20 4 T >360 | 60.20 | 152.0 | <0.29] 12,5 0.62 | 0.603 | 22.3 1.27

about)

44 21 | R, 480 | 20 50 >0.02| 10 4.5 0.60 9.5 0.95
22 2 R, 480 | 20 50 >0.02] 10 4.5 0.60 | 14.5 1.45

23 3 R, 480 | 20 50 >0.02] 10 4.5 060 |19.0 1.90

24 4 R, 480 | 20 50 >0.021 10 4.5 0.60 230 2.30

25 5 R, 480 | 20 50 >0.021] 10 4.5 0.60 |27.0 2.70

5¢ 26 1 R, 380 | 304 76.2 >0.02| 45 092 060 |1L5 2.55
o 27 | R, 300 | 10.24 | 6096 | <0.01 50 |03 0.667 | 4.0 0.80
28 2 R, 300 | 10.24 | 60.96 | <0.01 50 103 0.667 | 5.2 1.04

29 3 R, 300 | 10.24 1 60.96 | <0.01 50 |03 0.667 | 6.5 1.30

*t, = time of each experimental run.

Test series on abutment for present study.

Test series on abutment by Liu ef al15l.

Test series on abutment by Wong!?}

Test series on spur-dike by Zaghloul and McCorquodale! .
Test series on spur-dike by Gilll'2}

Test series on spur-dike by Garde e al.l!.

~a o~ >

where,
R.R,. Ry = Rectangular model abutments
T,.T,. T, = Trapezoidal model abutments
CE,. CE,. CE; = Circular-edge model abutments.

The functional relationship for the local clear water scour at abutment can be written
in the form

D, b B-b dg

—L= —, —,=,5, . Fy (2)
¥ d y B vy A

-0 0 0

in which D_is the scour depth, v, = Flow depth in the channel, b is encroachment
width, B is lhe channel width, & = (B b)/B is the contraction ratio, dso is the mean sed-
iment size, Fr, = Approach Froude number = U /W Approach velocity and g
is the acceleration due to gravity and Sj is the shape of abutment. The shape factor, Sj 1s
defined as the ratio of D /y, for the circular-edge model at comparable condition.
Figure 3 is a plot of D /y, (any shape) v., D/v, for circular edge model with Froude
number, contraction ratio, ¢ and dgy/y, constant. The shape factors Sj were evaluated
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0.50m L\ . FLOW

Fiii. 2. Isometric view of abutment models a) Rectangular with vertical walls, b) Trapezoidal with vertical
walls, ¢) Circular edge with sloped wing walls.
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from the slope of the graphs as 2.2, 1.77 and 1.0 for rectangular, trapezoidal and circu-
lar-edge abutments, respectively.
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Fi6. 3. Evaluation of shape factor, Sf.
4. Results

The scour depth was found to be affected by a number of variables. A discussion of
the effects of the model geometry, contraction ratio and encroachment width on the
variation of scour depth is presented below.

4.1 Model Geometry

It is well known fact that scouring at any obstruction in alluvial channel is primarily
due to the combined effect of the flow pattern and the geometry of the structure. The
variation of scour caused by different shapes and sizes of the model abutments was
studied. Figures 4(a), (b) and (c) present a typical scour depth contours for the rectan-
gular, trapezoidal and circular-edge models, respectively. It can be seen from Fig. 4(a)
that scouring begins at upstream corner u of the rectangular model, abutment forming a
depression caused by the separation of flow. The extent of this depression is affected by
the zone of separation. Further downstream, there is a deposition due to the reattach-
ment of the separated flow. Similar trend was also observed in the case of the trape-
zoidal models. However, the scour depth of the trapezoidal model is slightly less. The
scour pattern at circular-edge model indicates that scour initiates at the upstream corner
with a smaller size hole and extends parallel to the longitudinal wall due to a stream-
lined shape of the model abutment.
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F1G. 4. Scour depth contours at abutments (o = 0.708)
a) Rectangular, b) Trapezoidal, c¢) Circular edge models.
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The general trend of the test results agrees reasonably well with the results of previ-
ous investigators(*3).

4.2 Contraction Ratio o

Wongll reported that at any bridge site where abutments constrict the flow, both
contraction scour and local scour will occur. The contraction due to abutments can be
considered in terms of the contraction ratio parameter, @ = (B — b)/B. In the present
study the contraction ratio,o varied from 0.416 to 0.708. [t was observed that the scour
depth increased with the decrease in the value of ¢, keeping other variables constant.
Garde et al.?) and Liu er al.1) also varied a from 0.53 to 0.9 and obtain similar results.

4.3 Encroachment Width b

Using a bridge crossing model, Laursen!!!} developed an enveloping curve to show
the effect of abutment encroachment on local scour. The scour depth ratio, D /y,
increased with the increase of the nondimensional encroachment width-depth ratio,
(bly,). For the present study it was observed that D /v  value increased with the
increase of bly , keeping the other variables same, which agrees with the results of
other investigators!3].

The above discussion shows that scour depth is significantly affected by shape and
size of abutment as well as by contraction ratio, encroachment width. A general nondi-
mensional equation for predicting clear water scour at abutment can, therefore, be writ-
ten as

Aq Ay Aq
P._s=1<(sf>A'<Fr,)"3[‘i°J (i] {1_[3—‘% } 3
A Yo A B

where K is a constant.

The value of K and exponents A, through A; were determined using the data from
the analysis serial no. 1-9 as well as the data of Liu et al.[] (serial no. 10-16) and
Wongm (serial no. 17-20). (Table 2). The data sets of other investigators were chosen
at comparable conditions with present study like local scour at clear water condition,
time of experimental runs (about 6 hours), flow condition (Froude number), uniformity
of sediment sizes, similarity in shapes of abutments and spur-dikes ... etc.

Using a 95% confidence, limit the values are

K =45, A =10, A, =0.653, A;=10.225,
A,;=0.598 and Ag= 1.80.

The mean absolute errors resulted by the proposed scour prediction equation is about
7.9 percent with present data and 8.62 percent, when it is combined with other investi-
gators’ data. Figure 5 presents the verification of Eq. 3, by comparing the scour-depth
ratio predicted by the equation to those observed. Therefore, the proposed general non-
dimensional equation would be useful to predict the local clear water scour at abut-
ments. The nondimensional Eq. 3 for abutment was also verified against the data of
spur-dike reported by other investigators like Grade er al.[?l, Gilll!?), and Zaghloul and
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McCorquodalel!3) (Fig. (6)). The mean absolute error was found to be 7% for spur-dike
data, although for the spur-dikes the flow separation and location of reattachment
occurred on the bank downstream, rather on the dike itself.
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5. Summary and Conclusion

1. Based on experimental results from this study, the interaction between the flow
pattern and geometry of abutment is found to be very important. The stream-lined flow
around circular-edge with sloped wing wall model causes minimum scour, while the
separated flow with the vorticity and turbulence at rectangular or trapezoidal abutment
results in relatively larger scour depth and larger hole size.

2. The influence of abutment geometry and contraction ratio « have significant
effect on the scour depth. Rectangular model resulted in the largest scour while the cir-
cular-edge stream-lined models resulted in the minimum scour.

3. A generalized, nonlinear, nondimensional equation for predicting the local scour
at bridge abutment is proposed, which can be used for various types of abutment (rec-
tangular, trapezoidal or Wing wall, circular-edge or spill-through). The prediction equa-
tion is based on the experimental results obtained from the clear water scour at abut-
ment. The equation has been verified with the results of other investigators at compara-
ble condition.
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